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Introduction
During recent years, groups in Lund and Amsterdam have been studying the group IliA elements A1, Ga and In, using laser spectroscopy techniques. A large number of lifetime values have been determined using time-resolved techniques [1] [2] [3] . High resolution techniques employing cw lasers have been used to determine hyperfine structures (hfs) and isotope shifts in lower-lying states [4] [5] [6] . With the quantum beat method small hfs splittings in higherlying states have also been determined [7] [8] [9] . Calculations using many-body perturbation theory (MBPT) [10] have given values for the magnetic dipole constant of low-lying states [11] . However, since correlation effects were not included in these calculations large deviations from experimental data were found. In this paper we present new experimental data concerning lifetimes and hfs in the 4s2np 2p sequence (n=7-11, J=3/2) in gallium. Extended MBPT calculations for both fine-structure components in this sequence (n=4-8) have been performed, including core polarization, correlation and relativistic effects.
Experimental Arrangements
The experimental set-up is shown in Fig. 1 The fluorescence light from an excited state passed through appropriate filters and was imaged on a fast photomultiplier tube (EMI 9816 QB). During the quantum beat measurements a plane polarizer was inserted on the detection side. Signals coming from the photomultiplier tube were captured by a transient recorder (Biomation 8100) and added in a storage memory. Typically 1,000 transients were collected before a recording was transferred to a P-82 microcomputer for evaluation.
Measurements and Results
A schematic energy level diagram is shown in Fig. 2 . The wavelength settings of the second-step laser could be found in the literature [12] Table 1 lifetime values of the doublets are given. Lifetime values in a hydrogen-like sequence are expected to follow a (n*) 3 dependence, where n* is the effective principal quantum number. In this case we found z=6.0-(n*)2'67; (n=7-11).
However, it should be noted that long-lived states are vulnerable to transitions induced by black-body radiation [13, 14] and that the stated values refer to room temperature. During the quantum beat measurements of the hyperfine structure the Earth's magnetic field was compensated for. The current through the compensating coils was determined using Zeeman quantum beats in the 6s6p 3P 1-6s 2 1S o transition in ytterbium. The two isotopes of gallium, 69Ga and 71Ga, have natural abundances of 60 % and 40 %, respectively, and both have a nuclear spin of I--3/2. With right-angle geometry (between the atomic beam, excitation and each recorded curve an exponential function, on a background, was fitted. The experimental curve was then divided by the exponential leaving an undamped beat structure. The divided curve was centred around zero and multiplied by an apodization function. Since the time spectrum is cut off, the peaks in the Fourier transformed spectrum will always have side-lobes. An apodization function can suppress these extra peaks at the price of somewhat broader lines. A number of apodization functions [16] were tested and a so-called Hamming window was used in our evaluation. The apodized curve was transformed into the frequency domain using a Fast Fourier Transform [16] . The peak positions were calculated from the amplitude spectrum by repeatedly fitting a gauss• curve to the highest peak and subtracting it from the spectrum. In this way we could determine eight of the ten possible lines. The intensity of the two A-B peaks was too weak for the peaks to be identified. Figure 3 shows an experimental curve and the corresponding frequency spectrum. From the peak positions values of A and B were calculated using a multiple regression analysis program. The experimental A and B constants are given in Table 2 . The experimental data for n = 7-11 have a behaviour very close to an (n*) 3 dependence 
Theoretical Calculation of the Hyperfine Structure Using Many-Body Perturbation Theory
For the analysis of experimental hyperfine data as well as for the ab-initio evaluation of the hyperfine interaction (hfi) it is convenient to use the effectiveoperator formalism [18] . For an atomic system with an np configuration (outside closed shells) the magnetic dipole and electric quadrupole interaction constants can then be expressed
Here, the parameters (r-3}u correspond to the effective hyperfine parameters of rank i, j in spin and orbital space respectively (01=orbital, 12=spin-dipole, 10=contact and 02=quadrupole). gx is the nuclear magnetic g factor and Q is the quadrupole moment of the nucleus. If the hyperfine constants are measured in MHz and the nuclear moments in nuclear magnetons (n.m.) and barns, then the con- this theory is used. In the present work we have used the form of MBPT developed, in particular, by the Chalmers group [10] to evaluate the hyperfine interaction for the 4sZnp states of gallium with n =4-8. This procedure, which is based upon the numerical solution of inhomogeneous one-and twoparticle equations, has been described in detail in the literature, and therefore we restrict ourselves here to a brief description of its main features. The starting point for our calculations is with the non-relativistic Hartree-Fock (HF) functions, generated in the electron core of the singly ionized system (with the np electron removed), which we refer to as "HF-~". The remaining interaction, i.e. the electronelectron interaction not included in HF-~ and the hyperfine interaction, is then treated by means of perturbation theory. (For the moment we disregard spin-orbit coupling and other relativistic effects.) The effect of the perturbation is to mix other (virtually excited) HF states with the HF state under consideration. These effects can be separated into one-, two-, ... body types, depending on the maximum number of electrons involved simultaneously in the "excitation". The one-body (single-particle) effects correspond to polarization of the core due to the interaction with the valence electron, and the polarized core interacts with the nucleus, leading to a hyperfine contribution. (Alternatively, the same effect can be regarded as a polarization, due to the nuclear moments, which interacts with the valence electron.) For core s electrons this effect is the important spin polarization, which leads to an induced contact interaction, also for non-s valence electrons ((r-3)1o in (1)). Non-s electrons of the core also contribute to the polarization and affect the magnetic dipole as well as the electric quadrupole interaction -the latter effect usually being referred to as the Sternheimer effect [19] . In the present work the polarization effect is evaluated to all orders of perturbation theory by solving a set of inhomogeneous single-particle equations iteratively -a procedure which is essentially equivalent to unrestricted Hartree-Fock [20] . Two-particle-or pair-correlation effects can similarly be evaluated by solving inhomogeneous two-particle (pair) equations [21] . In the present work the pair functions are evaluated to first order, and by combining first-order single-particle and pair functions all third-order hyperfine effects can be evaluated. Since all-order single-particle functions are used in the present work, important higher-order effects are automatically included in this procedure [22] . The pair correlation can also lead to single-particle effects in higher orders, which can be regarded as a modification of the HF orbitals towards Brueckner orbitals (BO) [22] . Such modifications of the occupied orbitals are evaluated in the present work by means of the first-order pair functions. The new orbitals are then used to re-evaluate the core polarization and the "third-order" diagrams. Using this procedure it is expected that the most important fourth-order effects are included. The gallium atom is a relatively heavy atom and it is obvious that relativistic effects cannot be neglected in an accurate calculation. No fully relativistic MBPT procedure is yet available and therefore we have applied the following approximate scheme. The non-relativistic Hartree-Fock, polarization and correlation effects are first evaluated as described above. Then relativistic Hartree-Fock [23] and single-particle [24] programs are used to evaluate the relativistic effects on the HF and the polarization levels. From these calculations, a "relativistic correction" for the correlation effect is finally estimated and included. The numerical results obtained in the present work are given in Tables 3-5 and will be further discussed below. The procedure employed here is quite easy to use, and represents a suitable compromise between accuracy and convenience. The procedure is also designed to include pair-correlation effects to higher orders [25] , and it has been applied in this form to hyperfine calculations on some lighter atoms [26] . Such a procedure, however, requires considerably more computer power as well as manpower, and is motivated only when high accuracy is required.
Discussion
From the effective parameters compiled in Table 3 several interesting observations can be made. In the 4p state there is a large negative spin polarization, while for the higher states this contribution is positive (and decreases with decreasing n). This is evidently due to the large overlap between the 4p and 4s orbitals, causing a particularly large spin polarization of the 4s shell in the ground state. For the same reason there is a particularly large correlation effect in the ground state; this is reduced by one order of magnitude in going from 4p to 5p. In addition, it can be found -as in other similar calculations -that a large fraction (~80%) of the correlation effect, relative to HF, is included in the Brueckner orbitals. From the comparison between the theoretical and experimental results in Table 4 it is found that the agreement is very good for the ground state but less so for the excited states. Due to the large overlap between the 4p and 4s orbitals and the large correlation effects in the ground state one would expect a comparatively slow convergence in that state and therefore less accurate results using firstorder pair functions. For the excited states, on the other hand, there is reason to believe that such an approximation should be quite adequate. However, the results in Table4 do not seem to verify these assumptions. The very good agreement obtained for the ground state is probably partly fortuitous. The lack of agreement for the excited states, on the other hand, is more difficult to understand. The relatively small contributions due to the correlation (including the Brueckner-orbital contribution) indicate that the results would not be substantially improved by iterating the pair functions and thereby including pair correlation to higher orders. 
